Precipitation plays a crucial role in the Earth's energy balance, the water cycle, and the global atmospheric circulation. Aerosols, by direct interaction with radiation and by serving as cloud condensation nuclei, may affect clouds and rain formation. This effect can be examined in terms of energetic constraints, that is, any aerosol-driven diabatic heating/cooling of the atmosphere will have to be balanced by changes in precipitation, radiative fluxes, or divergence of dry static energy. Using an aqua-planet general circulation model (GCM), we show that tropical and extratropical precipitation have contrasting responses to aerosol perturbations. This behavior can be explained by contrasting ability of the atmosphere to diverge excess dry static energy in the two different regions. It is shown that atmospheric heating in the tropics leads to large-scale thermally driven circulation and a large increase in precipitation, while the excess energy from heating in the extratropics is constrained due to the effect of the Coriolis force, causing the precipitation to decrease.
Introduction
Knowledge about cloud properties and rain formation is critical for understanding the current climate and for future climate predictions. Aerosols may influence cloud and rain properties by directly interacting with radiation and by acting as cloud condensation and ice nuclei (Altaratz et al., 2014; Levin & Cotton, 2009 ). The potential of aerosols to affect the climate system by changing the radiation balance and water cycle is well appreciated but far from being fully understood. Currently, most of the uncertainty in estimations of anthropogenic radiative forcing is attributed to radiation-aerosol and cloud-aerosol interactions (Boucher et al., 2013) .
Aerosols may affect precipitation through a range of different pathways, which can be broadly grouped in the following categories:
1. By changing the microphysical properties of the clouds. This pathway has been shown to affect small spatial and temporal scales (e.g., Dagan et al., 2017; Fan et al., 2007; Jiang et al., 2006; Levin & Cotton, 2009 , among many others). However, its effect on the larger and longer scales is not clear, and previous literature presents conflicting evidence Seifert et al., 2015; Stevens & Feingold, 2009 ). 2. By affecting the energy budget of the atmosphere. On long time scales, any aerosol-driven perturbation to the energy budget will have to be balanced by changes in precipitation, sensible heat flux, or by the ©2019. The Authors.
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The second pathway, via the energy budget, is the focus of this study. On long time scales (neglecting the energy storage term), the atmospheric column energy budget is given by a balance between the enthalpy of vaporization (usually referred to as the latent heating rate, LP: the latent heat of condensation [L] multiplied by the surface precipitation rate [P]), the surface sensible heat flux (sometimes referred to as the sensible enthalpy flux [Q SH ]), the atmospheric radiative heating (Q R , which is usually negative, representing cooling), and the divergence of dry static energy (div(s), which will become negligible on large spatial scales):
Q R is the rate of net atmospheric diabatic heating due to radiative shortwave (SW) and longwave (LW) fluxes (F). It can be expressed by the sum of the surface (SFC) and top of the atmosphere (TOA) fluxes as follows:
As in Naegele and Randall (2019) , in (2), LW fluxes are positive upward, and SW fluxes are positive downward.
Recently, it was shown that the temporal changes in the tropical (extratropical) precipitation rate are positively (negatively) correlated with temporal changes in Q R (Naegele & Randall, 2019) . This trend was explained by different feedbacks of clouds on Q R in the two different regimes. According to (1), positive correlation between LP and Q R must mean a significant change in Q SH (which is expected to be bounded) or in the divergent term. This might suggest that there is another fundamental difference between the tropics and the extratropics that can explain the difference in the correlation between Q R and LP-the differences in the Rossby radius of deformation (Rd; Charney, 1963) . In the tropics, due to small Coriolis effect, Rd is very large, and hence, horizontal temperature (or dry static energy) gradients are weak (Sobel et al., 2001) . Consequently, any aerosol (or other) perturbation to the Q R could be distributed on large spatial scales through the mechanism of equatorial internal waves (Gill, 1980; Matsuno, 1966) . In addition, aerosol warming (absorption) can lead to thermally direct circulations and associated moisture convergence (Roeckner et al., 2006) , which could also distribute the Q R perturbation on large scales. A similar mechanism may be operating on the aerosol effect on monsoon dynamics and precipitation (Bollasina et al., 2011; Hodnebrog et al., 2016; Menon et al., 2002; Roeckner et al., 2006) . In the extratropics on the other hand, the relatively small Rd (~1,000 km) implies that no large-scale thermally direct circulations can be formed by diabatic heating, and hence, the divergence of dry static energy is expected to be confined to smaller scales. The abovementioned difference between the tropics and extratropics can also be put in terms of the concept of "geostrophic adjustment" (Mihaljan, 1963; Rossby, 1938; Vallis, 2006) , that is, in the extratropics, heating perturbations will be confined through geostrophic adjustment of the flow to the heating. In the tropics, on the other hand, the mass field adjusts to the heating, that is, mass converges into the heating anomaly, which then generate vertical motion and an increase in precipitation.
We note that the energetic constraints (equation (1)) hold only for the mean precipitation rate and not for the distribution of rainfall intensities, which could be modified even under energetic constraints on mean precipitation rate.
Perturbations to the Q R due to aerosols at different geographical locations could also have different effects on the general circulation of the atmosphere (Chemke & Dagan, 2018) . For example, interhemispheric asymmetry in Q R may lead to a shift in the intertropical convergence zone due to cross equatorial energy flux (Allen et al., 2015; Rotstayn & Lohmann, 2002; Voigt et al., 2017; Wang, 2015) . Aerosols may also affect the atmospheric circulation in the extratropics by decreasing the meridional energy fluxes and shifting the extratropical jets poleward (Allen & Sherwood, 2011; Chemke & Dagan, 2018) . It was also shown, in idealized aqua-plant simulations that zonal gradients in aerosol radiative forcing may lead to an equatorial superrotating jet due to convergence of eddy-momentum fluxes (Chemke & Dagan, 2018) . Similar behavior was shown in simulations of tidally locked exoplanets (Merlis & Schneider, 2010) .
In this study we use an aqua-planet GCM to study the fast precipitation response (i.e., under prescribed sea surface temperatures [SSTs]; Bony et al., 2013; Richardson et al., 2018) to net diabatic heating due to aerosols in the tropics and extratropics. Previously, it was proposed that an increase in aerosols may lead to a slowdown of the hydrological cycle (Ramanathan et al., 2001) , and specifically, it was shown that an increase in absorbing aerosols leads to a reduction of the global mean precipitation (e.g., Samset et al., 2016) . Here we examine the response at different latitudes.
Methodology
The icosahedral non hydrostatic (ICON) atmospheric general circulation model Giorgetta et al., 2018; Zängl et al., 2015) is used in an aqua-planet configuration using prescribed SST.
Altogether, 17 simulations are conducted-one reference simulation with no aerosol forcing and 16 simulations with different aerosol plume characteristics. The reference simulation is run for 10 years to achieve low noise and zonally symmetric conditions (see Figure S1 in the supporting information), while each of the perturbed simulations is run for 4 years, which is sufficient to reach a stationary state. Seasonal variations are not considered. The simulations are conducted with 47 vertical levels. The ICON grid R2B04 is used, which has an effective resolution of 157.8 km (Zängl et al., 2015) .
Representation of the Aerosol Effect
For representing the radiative effect of aerosols, the Max Planck Institute Aerosol Climatology version 2, Simple Plume (MACv2-SP; Kinne et al., 2013; Stevens et al., 2017) parametrization is used. MACv2-SP was designed to represent, in a simple and efficient way, the spatiotemporal distributions of anthropogenic aerosol's optical properties. It represents both the direct aerosol effect and the Twomey effect (i.e., increase in cloud albedo due to an increase in droplet concentration under constant liquid water path; Twomey, 1977) .
No other cloud-aerosol effects, such as changes in liquid water path (Albrecht, 1989) , are considered. MACv2-SP prescribes the anthropogenic aerosol optical depth (AOD) and its radiative properties, including the asymmetry parameter and the single scattering albedo (SSA), as functions of geographical location, time, and wavelength. In our case, we remove both the seasonal and interannual variations and use idealized constant aerosol conditions for each simulation. MACv2-SP represents the spatial distribution of each plume by two features: a rotated Gaussian feature, which represents the AOD in the vicinity of the source, and a piecewise Gaussian feature, which represents the aerosols' transport and asymmetric distributions of sources and sinks . In our case, for simplicity, only the former is used, and no rotation is applied; hence, the spatial distribution around the plume center is a simple Gaussian distribution. The radius of the plume is varied between 5°, 10°, 15°, and 25°in both the north-south and east-west directions. To investigate the effects of aerosols on precipitation in different geographical locations, we use two different aerosol plume locations: in the tropics (centered at 0°N, 0°W) and in the northern hemisphere extratropics (centered at 40°N, 0°W). The magnitude of the AOD at the center of the tropical plume is equal to the global sum of all plumes in the default MACv2-SP setup (AOD at the center of the plume = 2.4). For comparison between the tropics and extratropics (for each plume size), corrections for the differing amounts of incoming solar radiation and for the different width of a degree longitude are applied by increasing the AOD magnitude at the center of the plume and the plume zonal dimensions by a factor of 1/cos(40°). Hence, for each plume size, the global mean radiative forcing is similar between the tropical and extratropical simulations. The vertical distribution of aerosol is based on the kernel of Euler's β function (see details in Stevens et al., 2017) and is mostly confined to below 5 km. Differences in the vertical placement of the plume may cause different response of the climate system and general circulation (Ban-Weiss et al., 2012; Kim et al., 2015) ; however, they are less important to the column-integrated energy budget, which is the focus of this study. For each plume size and location, two different cases of SSA (representing the radiative properties of the aerosols) are simulated-0.8 (representing relatively absorbing plumes) and 0.95 (representing less absorbing plumes). The Q R result for each simulation is presented in Figure S2 .
In this study we focus on the fast precipitation response (Bony et al., 2013; Richardson et al., 2018) . We note that concentrating the AOD's global sum over a small region (as was done in this study) results in a large local aerosol-driven changes in Q R . This helps in detecting the aerosol effect and the different mechanisms operating in the tropics and extratropics.
Results
Examining the global mean properties demonstrates that, as expected, the global mean precipitation rate is linearly affected by the changes in the Q R ( Figure S3 ). Generally, the larger the plume and the more absorbing it is (SAA of 0.8 compared to 0.95), the larger the change in Q R and hence also in LP (e.g., slowdown of the hydrological cycle; Ramanathan et al., 2001) , regardless of the plume location. Focusing on the fast precipitation response, using prescribed SSTs, the main effect of the aerosol plumes is to heat the atmosphere by absorption (stronger effect for SAA of 0.8 compared to 0.95).
To set the stage, we examine the differences from the reference simulation ( Figure S1 ) of the terms in equation (1) under two simulations with the same plume size (10°) and the same aerosol optical properties (SSA = 0.8), that is, with the same global mean perturbation but different plume location in the tropics (hereafter "tropical" simulation) and extratropics (hereafter "extratropical" simulation, Figure 1 ). The two simulations produce a similar magnitude and spatial extent of Q R driven by a similar aerosol radiative forcing. Small differences do appear in Q R between the two simulations with the tropical Q R being slightly higher (by 24% at the plume center) due to cloud feedbacks (see section S1 and Figures S4 and S5 ). However, the similarly forced Q R produces remarkably different local precipitation responses: The local precipitation increases significantly in the tropical simulation, while in the extratropical simulation, it slightly decreases. We note that the local response in the tropical simulation of an increase in precipitation is the opposite to the global mean response of decrease in precipitation ( Figure S3 ). In the tropical simulation, the precipitation is reduced along most of the double intertropical convergence zone band (see Figure S1 ) and increases in the extratropics, east of the plume center. The Q SH flux changes are an order of magnitude smaller than the Q R and precipitation changes and show a local decrease in the extratropical simulation. In the tropical simulation, the Q SH flux increases downwind and decreases upwind of the center of the plume. Also, in the tropical simulation, the Q SH flux changes in the extratropics in both hemispheres, and its structure suggests a resulting standing wave (see also Figure 3 ). This structure demonstrates that aerosol perturbations could have implications for precipitation in remote regions and suggests that some wave-teleconnections mechanism is operating in response to local perturbations. The divergence of dry static energy is calculated as the residual of all other terms. It shows a large increase in the tropical simulation (about 4.3 times larger than the change in the Q R ), spatially matching the LP change pattern, and only a small increase in the extratropical simulation (about 63% of the Q R change).
Examining the local (plume center) response of all the different simulations ( Figure 2) demonstrates a similar trend. For all plume sizes and SSAs, a similar aerosol plume results in a slightly higher Q R in the tropics compared with the extratropics (by 27% on average) due to cloud feedbacks (see section S1 and Figures S4  and S5 ). Interestingly, comparable Q R drives a large increase in precipitation in the tropics (LP is a factor of 2.9 larger than the Q R magnitude on average) but a decrease in the extratropics (of about 0.25 of the Q R magnitude on average). This trend cannot be explained by the relatively small changes in the Q SH flux which is only marginally larger (in magnitude) in the extratropics than in the tropics (for a given plume size and SSA). In addition, for all aerosol plume conditions, the tropical simulations produce a very large increase in the divergence of dry static energy (by a factor of 3.9 larger than the Q R on average), with only a small change in the extratropics (of about two thirds of the Q R on average). We also note that, for the same AOD, the more absorbing aerosol plumes (SSA = 0.8) result in stronger response than the less absorbing aerosol plumes (SSA = 0.95), since under fixed SSTs, the main change to the atmospheric energy budget is due to atmospheric absorption. In addition, in the case of the strongest precipitation response (tropical plume with SSA = 0.8), increasing the plume size results in a reduction of the precipitation response at the plume's center.
In order to explain the contrasting response of precipitation to aerosol forcing in the tropics and extratropics, we examine the response of the atmospheric dynamics and thermodynamics. Figures 3 and 4 present the differences from the reference simulations of the zonal and meridional vertical cross section across the aerosol plumes' center, respectively, for the simulations presented in Figure 1 . The zonal cross sections demonstrate that the aerosol perturbation in the extratropical simulation produces warming in the lower atmosphere (below 5 km-the altitude in which the aerosols are mainly located) which is also confined in its horizontal extent (Figure 3e ). It also demonstrates that the warming in the extratropical simulation is tilted to the east of the plume center, as a result of the dominating eastward winds in the extratropics that advect the signal. However, in the tropical simulation, most of the warming is confined to the upper troposphere (9-12 km) at all longitudes (Figure 3a ). In the tropical simulation, there is also a cooling of the stratosphere which is consistent with the decrease in the outgoing LW flux ( Figure S4 ; Ramanathan, 1988) . The eastward wind (u) changes demonstrate almost no effect of the aerosol perturbation in the extratropical simulation and a very significant effect in the tropical simulation (Figures 3b and 3f ). In the tropical simulation, the lower atmosphere has an increase in u west of the plume's center (longitude 0°) and a slight decrease of u east of it, which implies convergence at the plume's center. In the upper troposphere, there is a large increase in u, indicating the existence of an equatorial superrotating jet. Previously, it was shown that zonally asymmetric diabatic heating can lead to convergence of eddy-momentum fluxes at the equator and superrotating jet (Chemke & Dagan, 2018; Merlis & Schneider, 2010) . The changes in the northward winds (v; Figures 3c  and 3g) show an increase and a decrease side by side in both simulations (but the changes are generally stronger in the extratropical simulation). This behavior indicates that standing waves are formed around the aerosol plume due to the local heating (e.g., Kaspi & Schneider, 2011) . The changes in the vertical velocity (ω) are consistent with the changes in the temperature and u and demonstrate an increased upward motion. This is indicative of a thermally direct circulation at the plume's location in the tropical simulation and a negligible change in the extratropical simulation. The meridional cross sections of changes in temperature across the plumes' centers indicate again that the aerosol perturbation is well confined in both the vertical and horizontal directions in the extratropical simulation ( Figure 4e ). Here, again, the temperature change is not perfectly colocated with the aerosol plume due to advection (see the negative v perturbation north of the plume center; Figure 4g ) and asymmetric incoming solar radiation (compared to the plume center). In the tropical simulation, on the other hand, the temperature perturbation is distributed throughout the entire tropical region and is more pronounced in the upper troposphere (Figure 4a ). The horizontal extent of the temperature change in the tropical simulation can be understood by the weak temperature gradient arguments (Sobel et al., 2001) , while the amplification of the warming in the upper troposphere is expected due to changes in the moist adiabatic lapse rate (Held & Soden, 2006; O'Gorman & Singh, 2013) . All three wind components exhibit a weak response to the aerosol plume in the extratropical simulation (Figures 4f-4h ) and a large response in the tropical simulation (Figures 4b-4d ). In the tropical simulation, the jet strength in both hemispheres increases, shown by an increase in u, which is caused by the increase in the equator-to-pole temperature difference (Figure 4a ; as predicted by thermal wind balance). This occurs concomitantly with an increase in the northward and southward winds in the upper northern and southern parts of the Hadley cell, respectively, and an increase in the upward motion of air at the equator. These all point to a local increase in the Hadley circulation strength around the plume.
Summary
Our analysis (Figures 1 and 2) demonstrates a remarkably different local response of precipitation to aerosoldriven perturbations in Q R in the tropics and extratropics. While the diabatic heating in the tropics leads to a large local increase in precipitation (amplified by almost a factor of 3 compared to the forced Q R in terms of energy flux units; Figure 2 ), in the extratropics, the precipitation decreases. The increase in the local precipitation in the tropics occurs despite a decrease in the global mean precipitation, while the local decrease in precipitation in the extratropics has a similar sign to the global mean response and is more intuitive from the energy budget perspective.
We have shown that in the tropics, the induced warming leads to both thermally driven zonal circulation (Figure 3 ; Roeckner et al., 2006) and intensification of the meridional circulation (the Hadley circulation; Figure 4 ). These large-scale circulations diverge the excess dry static energy very efficiently (Figures 1  and 2 ) and distribute the warming throughout the entire tropical region (Figures 3 and 4) . In addition to the local strong increase in precipitation in the tropical simulation, the precipitation in other regions (both in the tropics and in the extratropics) is modified as well. This suggests a potential mechanism for teleconnections in response to aerosol perturbations, which could have implication on precipitation at different regions. Contrastingly, in the extratropics, the induced warming stays confined to the plume's location, and no large-scale circulation is formed. This can be attributed to the larger effect of Coriolis force in the extratropics than in the tropics. The absence of an induced large-scale circulation in the extratropics and the relatively small Rossby radius of deformation (Charney, 1963 ) results in a low divergence of dry static energy (Figures 1 and 2) . Thus, the small effect of the divergence implies that net atmospheric diabatic heating (e.g., by absorbing aerosols) would have to be balanced by decrease in the enthalpy of vaporization due to precipitation. Another way to understand this trend is via the concept of geostrophic adjustment. In agreement with theory (Vallis, 2006) , we show that heating anomalies in the extratropics are constrained through geostrophic adjustment, which is to say that the winds adjust to and balance the destabilization caused by the heating. In the tropics, on the other hand, mass is converged into the heating anomaly to balance it. Since near-surface convergence is strongly related to precipitation, the mass response in the tropics is associated with a positive precipitation anomaly. The same trend in the extratropics was found in a multimodel, more "realistic," fast response simulations as a response to black carbon emissions . The mechanism proposed here, based on idealized simulations, can explain this trend.
Another interesting result shown by these simulations is that in the case of the strongest response in precipitation (tropical plume with SSA = 0.8), increasing the plume size drives a reduction of the response of the precipitation at the plume's center (Figure 2 ). We speculate that this is because the atmosphere's ability to diverge dry static energy decreases with the spatial scale of the perturbation. This should be further investigated in future work. In addition, the differences between the tropics and extratropic in the slow precipitation response (due to changes in SST) are still to be determined.
As was hypothesized in Naegele and Randall (2019) , the difference between the tropics and extratropics may have implications to convective self-aggregation. Our tropical simulations generated convective forced aggregation (as opposed to self-aggregation); however, some similarities do exist. Convective aggregation involves large-scale circulations driven by increase in enthalpy of vaporization in the aggregated clouds and horizontal gradients of Q R (Bretherton et al., 2005) . The efficiency of the tropical atmosphere to diverge dry static energy, and hence generate such a circulation, may promote convective aggregations which might have implication for cloud feedback to global warming (Bony et al., 2015; Bretherton & Khairoutdinov, 2015; Vogel et al., 2016) .
In summary, our results show a contrasting response of precipitation to absorbing aerosol between the tropics and the extratropics, where absorbing aerosol generally increases precipitation in the tropics and decreases precipitation in the extratropics. Previously, it was proposed that aerosols drive a slowdown of the hydrological cycle (Ramanathan et al., 2001) and that the presence of absorbing aerosols leads to a reduction of the global mean precipitation (e.g., Samset et al., 2016) , as expected by the energy budget constraint. Here we show that the local response in the tropics is the opposite of the global mean response expected from energetic considerations.
